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While variation in metabolic rate at a single temperature can occur for a variety of reasons and the effect of temperature is well
established in insects, within-generation variation of metabolic rate-temperature relationships has been relatively poorly explored. In
this study, we investigate the effects of gender, age, feeding and pregnancy, as well as three acclimation temperatures (19, 24, 29 1C),
on standard metabolic rate and its temperature-dependence within post-developmental (i.e. non-teneral) adult G. morsitans
morsitans. Although most of the independent variables influenced metabolic rate at a single test temperature (Po0:001 in most
cases), and cold-acclimation resulted in significant up-regulation of metabolic rate at all test temperatures relative to 24 and 29 1C
acclimation (Po0:0001), mass-independent metabolic rate-temperature relationships were surprisingly invariant over all
experimental groups (P40:05 in all cases). Slopes of log10 metabolic rate (ml CO2 h
1) against temperature (1C) ranged from a
minimum of 0.03035 (7S.E. ¼ 0.003) in young fasted females to a maximum of 0.03834 (70.004) in mature fasted males. These
findings have implications for predicting the metabolic responses of tsetse flies to short-term temperature variation and may also
have applications for modelling tsetse population dynamics as a function of temperature.
r 2005 Elsevier Ltd. All rights reserved.
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Metabolic rate may be defined as the summation of
sub-cellular, cellular, and organism-level processes
which require ATP (Hochachka et al., 2003). As such,
metabolic rate represents the costs of living in a specific
environment and may in turn provide insight into the
evolution of life histories across a range of environments
(Chown and Gaston, 1999). For this reason and becausee front matter r 2005 Elsevier Ltd. All rights reserved.
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pe, AZ 85287-4501, USA.metabolic rate estimates can be readily obtained, there
has been considerable attention paid to metabolic rate
and its variation for many years (reviewed in McNab,
2002; Chown and Nicolson, 2004). Much of this work
has been concerned with allometry (scaling) and the
effects of temperature on metabolic rate. The recent
development of a ‘metabolic theory of ecology’ (Brown
et al., 2004), which is a general theory apparently
explaining the scaling of metabolic rate across all taxa,
much of the variation in life histories of organisms, and
global-scale variation in diversity, has stimulated
renewed interest in metabolic rate and its variation.
In insects, metabolic rate may vary for several
reasons, of which the most commonly accepted are size
(Lighton and Fielden, 1995), activity (Bartholomew and
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ture (Keister and Buck, 1964). However, metabolic rate
can vary for other reasons too. For example, age and
ontogeny, diapause, gender, feeding status, reproductive
status, time of day and season can all exercise a
considerable influence on metabolic rate (Chown and
Nicolson, 2004). Over larger scales, metabolic rate can
also vary adaptively, principally in two possible ways.
First, a reduction in metabolic rate is often found as a
response to xeric conditions, and is thought to function
as a water conservation mechanism through a reduction
in respiratory water loss (Edney, 1977; Chown, 2002).
Second, cold climate (usually high latitude or altitude)
populations may show elevated metabolic rates relative
to warm climate populations when tested at similar
temperatures, which is widely known as temperature
compensation (Hazel and Prosser, 1974) or metabolic
cold adaptation (MCA, Chown and Gaston, 1999).
Although controversial (e.g. Clarke, 2003) MCA may be
beneficial to insects by enabling them to complete
growth, development and reproduction at relatively
cooler temperatures (Chown and Gaston, 1999).
Metabolic rate and its temperature-dependence (or
rate-temperature (R–T) relationships) are also respon-
sive to environmental variation, and the metabolic
response to temperature can differ between populations
and between species (Scholander et al., 1953; Sømme
and Block, 1991; Addo-Bediako et al., 2002). In general,
however, the patterns in and processes underlying
variation in R–T relationships have not been system-
atically explored for insects, although variation of
metabolic rate with temperature has been widely
documented (Keister and Buck, 1964; Chown and
Nicolson, 2004). Nonetheless, there have been some
comparative studies. At the intraspecific level, Berrigan
and Partridge (1997) found no relationship between the
slope of the R–T relationship and latitude in Drosophila
melanogaster. By contrast, Chown et al. (1997) docu-
mented systematic changes in the R–T relationship
among populations of weevils on sub-Antarctic Marion
Island such that the higher elevation populations tended
to have reduced slopes than those at lower elevations. At
the interspecific level, Addo-Bediako et al. (2002) found
an increase in the slope of the R–T relationship with
increasing latitude in northern (but not southern)
hemisphere species. They suggested that hemispheric
variation in the extent of latitudinal change of the R–T
relationship might be a consequence of more variable
environments in the northern than in the southern
hemispheres.
Thus, it is clear that comprehension of the nature and
extent of variation in R–T relationships can provide
considerable insight into the responses of organisms to
their environments and how these responses influence
variation in diversity at a variety of hierarchical levels.
Nowhere has this become more clear than in the recentdebate regarding the underlying causes of temperature-
dependence of metabolic rate and their consequences for
the metabolic theory of ecology (Gillooly et al., 2001;
Clarke, 2004; Clarke and Fraser, 2004). Because
variation in the temperature-dependence of metabolic
rate must, at least to some extent, be a function of
natural selection (Hochachka and Somero, 2002;
Clarke, 2004), understanding this variation at a popula-
tion level is of considerable importance in the context of
the way in which the environment influences R–T
relationships. Indeed, Bennett (1987) pointed out that,
despite its importance for understanding the evolution
of physiological responses, inter-individual variation is
surprisingly poorly investigated.
In this paper we therefore explore the effects of
gender, feeding status, pregnancy and age on metabolic
rate and its temperature-dependence in the tsetse fly
Glossina morsitans morsitans (Diptera, Glossinidae). In
addition, using three acclimation temperatures, we
investigate the influence of temperature on metabolic
rate and R–T relationships. Our aim is not simply to
determine the extent of metabolic rate variation with
these factors, but more importantly to determine
whether they influence the R-T relationship. In choosing
a tsetse fly as a model organism, we recognize that it is
one of a group of vectors of trypanosomes that can
infect both humans and animals, which are therefore of
considerable medical and socio-economic importance
(Leak, 1999). Although metabolic rate in tsetse has
received considerable attention, both in the laboratory
(Rajagopal and Bursell, 1966; Taylor, 1977a,b,1978a,b;
Terblanche et al., 2004) and in the field (Taylor, 1978b;
Hargrove and Coates, 1990), variation in the tempera-
ture-dependence of tsetse metabolic rate is relatively
poorly understood. Recent models of tsetse population
dynamics typically include the effects of temperature on
various life-history parameters (Hargrove, 2004), many
of which (at least those associated with production—see
Koz"owksi and Gawelczyk, 2002) are influenced by
metabolic rate. These models necessarily simplify
temperature effects across various physiological stages
and cohorts, although the extent to which such
assumptions are valid is not known. Thus an additional
goal of this work is to determine whether these
simplifying assumptions are realistic.2. Material and methods
2.1. Study animals and laboratory conditions
Pupae of Glossina morsitans morsitans Westwood
(Diptera, Glossinidae) were obtained from the labora-
tory colony maintained at the Entomology Unit, FAO/
IAEA Agriculture and Biotechnology Laboratory,
Seibersdorf, International Atomic Energy Agency,
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drial loci in these laboratory flies are within the range of
six field populations (Wohlford et al., 1999). Similarly,
microsatellite diversities are homogeneous among two
laboratory strains and six field populations (Krafsur and
Endsley, 2002). On receipt, pupae were immediately
placed inside plastic containers and transferred to a
climate chamber set to 24 1C (24.672.5 1C, photoperiod:
12 h L: 12 h D). Relative humidity (RH) was regulated
to 76% by means of saturated salt (NaCl) solutions
located within each container (Winston and Bates,
1960). Flies were transferred to mesh cages (10 cm
diameter, n25235 per cage) after eclosion for use in
various gender, age and feeding categories (Fig. 1). In
acclimation experiments, similar procedures were used
(4–5 mesh cages per acclimation treatment, total n100
per treatment). All cages were located within closed,
non-airtight plastic containers which also held 150 ml
jars containing saturated salt solution to maintain a
constant relative humidity (76% RH). Feeding took
place using a membrane-tray system (Gooding et al.,
1997) every alternative day (similar to the methods
described in Terblanche et al., 2004), at which point
container locations were randomized within climate
chambers. Care was taken to ensure that all treatment
groups were handled for the same duration during
transfer from the climate chamber to the feeding area,
and spent a similar amount of time outside the climate
chambers during feeding (25 min per acclimation
group).
Flies used for respirometry approximately 1 h after a
bloodmeal were considered ‘fed’, whilst flies which had
not fed for at least 36 h were considered ‘fasted’.
Females separated upon eclosion were used in the











Fig. 1. Schematic diagram of the experimental categories used to investiga
Glossina morsitans morsitans. No acclimation ¼ reared at 24 1C, 76% relative
bovine blood. Temperature acclimation ¼ all conditions were the same as des
were exposed to one of three temperature treatments (19, 24, 29 1C) lasting 1
non-feeding days).for selection of ‘mated’ females (Fig. 1). Dissection of
five ‘mated’ females confirmed that these flies contained
developing larvae and were appropriately classified as
pregnant. All flies used in these experimental classes
were reared in climate chambers set at 24–25 1C with the
same photoperiod and humidity described for pupal
rearing conditions (above). A comparison of seven-and
seventeen-day old fasted flies was also performed to test
for an effect of age in males and females separately.
Male flies were acclimated at 19, 24 and 29 1C
temperature regimes for 10 days. Temperatures were
maintained by climate chambers (Labocon, South
Africa) with the same synchronized photoperiod (12 h
L: 12 h D) and constant 76% humidity levels used for
rearing pupae (the resulting mean (7SD) temperatures
as recorded from Thermochron iButtons (Dallas Semi-
conductors, Dallas, USA; sampling rate ¼ 15 min) were
18.670.4; 23.373.1; 28.172.0 1C). All experimental
and rearing facilities were housed in air-conditioned
laboratories. Due to equipment constraints only male G.
m. morsitans were used for acclimation treatments.
2.2. Metabolic rates
Metabolic rates were recorded as carbon dioxide
production using flow-through respirometry. A LI-6262
(LiCor, Lincoln, USA) infrared gas analyzer (IRGA)
was connected to a Sable Systems International (Las
Vegas, USA) eight channel multiplexer inside a Sable
Systems PTC-1 temperature-controlled cabinet (similar
to the methods described in Terblanche et al., 2004). The
first seven channels regulated the flow-through respiro-
metry for individual flies and channel eight was used as
an empty reference channel for CO2 and H2O baseline
measurements. All electronic units were connected to a morsitans
Temperature acclimation




19 ˚C, 10 days, 76 %
24 ˚C, 10 days, 76 %
29 ˚C, 10 days, 76 % 
mature (fasted) 
, mature (fed)
te the temperature-dependence of metabolic rate and its variation in
humidity (12 h L:12 h D photoperiod) and fed every alternative day on
cribed for the ‘‘no acclimation’’ experimental categories except that flies
0 days. All acclimated experiments were performed on fasted flies (i.e.
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software was used for instrument control and data
acquisition. These recordings were performed for males
(n ¼ 7) and females (n ¼ 7) separately at various
temperatures (20, 24, 28 and 32 1C) among the various
experimental categories (Fig. 1). Flies were selected at
random from all available cages for use in an experi-
mental category to minimize any cage by treatment
effect. Mass was recorded before and after respirometry
recordings using a calibrated electronic balance (0.1 mg;
FA 304 T, Avery Berkel, EU). Airflow was regulated to
100 ml min1 and the compressed air was passed
through sodalime, silica-gel and Drierite columns to
give 0% RH and 0% CO2. The multiplexer was
programmed to regulate airflow through channels 1–7
consecutively for 14 min at a time during one recording
(sampling rate ¼ 1 s). While the active channel was
recorded, an additional airflow line was set up to flush
the other six inactive channels to prevent the build-up of
CO2 and water vapor in the cuvettes. A 30 s interval was
programmed between each channel-switching event to
allow the active cuvette’s airflow to stabilize before
recording continued. A thermocouple, connected to a
Sable Systems TC-1000 Thermocouple meter, was
inserted into the first cuvette to measure the temperature
inside a respirometry chamber containing an individual
fly. The PTC-1 temperature was manually set at 20, 24,
28, 32 1C at the start of each test temperature’s
respirometry recording. The test temperatures were
fixed in increasing order during all experiments to
remove possible confounding time–temperature interac-
tions between experimental groups. Respirometry re-
cording was only started once the cuvette temperature
was within 0.5 1C of the target test temperature. A Sable
Systems AD-1 electronic activity detector was connected
to the first cuvette only and used to identify CO2 traces
representative of stable, resting metabolic rate. Similar
traces were then selected for all other flies for analysis of
standard metabolic rate at a given temperature. Sable
Systems DATACAN V software was used to extract and
analyze standard (resting) metabolic rate (SMR) data.
2.3. Statistical analyses
Data were checked for normality using a Shapiro–
Wilks test, and in most cases log10 transformation
corrected, or at least improved, metabolic rate data
which were not normally distributed (Zar, 1999). The
effects of feeding status, gender, test temperature, mass,
and interactions of the categorical variables on log10
metabolic rate were assessed using general linear models
(GLM). Mean experimental mass of each individual was
included as a covariate to ensure that its strong effect on
metabolic rate was accounted for. To further explore
differences in R–T relationships among groups, espe-
cially because we could not obtain an interaction effectbetween treatment temperature (continuous variable)
and the categorical variables, multiple regressions
(ordinary least-squares, Type III) were used to deter-
mine slopes of log10 metabolic R–T relationships
including mass as a covariate. The R–T slopes were
then compared within various categories (age, feeding
status, gender, pregnancy, acclimation treatment) using
a GT-2 multiple pair-wise comparison (Sokal and Rohlf,
1995). General linear models, including mass as a
covariate, were also used to investigate the effects of
age on log10 metabolic rate for each gender separately,
and to investigate the effect of acclimation treatment on
log10 metabolic rate in male flies. Data are presented as
means7standard error of the mean (S.E.) unless
otherwise stated and significance was set at P ¼ 0:05.3. Results
3.1. Non-acclimated flies
3.1.1. Gender and feeding status effects in young flies
Body mass and test temperature both had a significant
positive influence on metabolic rate (Tables 1 and 2;
Fig. 2). Furthermore, metabolic rate (throughout we use
this term to mean metabolic rate corrected for mass in
the GLM) was significantly affected by gender in G. m.
morsitans at all test temperatures when flies were in the
fasted state, although in the fed state males had lower
metabolic rates than females only at 24 and 28 1C. Thus,
there were significant interactions between gender and
feeding status (Table 2). The slopes of the metabolic
R–T relationship remained constant among all cate-
gories (Table 3).
3.1.2. Reproductive and feeding status effects in mature
female flies
In mature female G. m. morsitans, metabolic R–T
relationships were unaffected by mating status (GLM
F 1;49 ¼ 1:82; P ¼ 0:184), although statistically signifi-
cant effects of body size and temperature remained. By
contrast with younger flies (Table 2), feeding status had
no effect on the metabolic R–T relationships of mature
females (Table 3). In mature female flies, metabolic rate
was unaffected by feeding status (GLM F1;49 ¼ 0:89;
P ¼ 0:35), and the slopes of the relationships were
statistically identical among these categories (Table 3).
3.1.3. Effects of ageing on metabolic rate-temperature
relationships
Whilst metabolic rate increased in mature (17 days)
fasted male flies relative to younger (7 days) flies
acclimated at 24 1C (Table 4), there was no effect of
these age groups on the metabolic R–T relationship
(Table 3). By contrast, in fasted virgin females’
metabolic rate declined with age (Table 4), whilst as in
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Table 2
Results of a general linear model (GLM) testing for the effects of gender, feeding status, test temperature, mass, and the interaction of the categorical
factors, on metabolic rate (logmlCO2 h
1) in early adult (6–7 days old, 3 bloodmeals) Glossina morsitans morsitans (Diptera, Glossinidae)
Effect SS DF MS F-ratio P
Intercept 14.941 1 14.941 3485.46 o0.0001
Covariate: test temperature 2.241 1 2.241 522.86 o0.0001
Covariate: mean experimental mass 1.290 1 1.290 300.98 o0.002
Gender 0.044 1 0.044 10.16 o0.0001
Feeding status 0.120 1 0.120 27.92 o0.0001
GenderFeeding status 0.078 1 0.078 18.13 o0.0001
Error 0.433 101 0.004
Temperature and mass treated as continuous variables in the GLM. (SS ¼ sums of squares; DF ¼ degrees of freedom; MS ¼ mean squares).
Fig. 2. 3D scatterplot showing mean metabolic rate in Glossina
morsitans morsitans (Diptera, Glossinidae) for fasted post-develop-
mental males and females (reared at 24 1C and 76% relative humidity)
at four experimental test temperatures at mean experimental mass.
Table 1
Summary statistics for metabolic rate and mass in the categories of Glossina morsitans morsitans investigated in this study
Class Gender Mating status Age (days) Mass7S.E. (mg) Metabolic rate7S.E. (mLCO2 h
1) n
Fasted
Male 6–7 18.0971.71 10.3770.93 7
Female Virgin 6–7 30.0971.90 26.7872.12 7
Female Virgin 19–20 31.6172.88 20.2772.84 7
Fed
Male 6–7 30.0871.58 19.7471.45 6
Female Virgin 6–7 32.4171.12 20.6171.77 7
Female Virgin 19–20 48.9971.34 40.6372.97 7
Female Mated 19–20 46.5173.57 36.4974.48 7
Acclimated
19 1C Male 16–17 27.9571.00 22.0772.29 7
24 1C Male 16–17 20.9471.12 12.0370.48 7
29 1C Male 16–17 22.4970.82 13.9070.54 7
Standard metabolic rate data are presented as recorded at 20 1C using flow-through respirometry. ‘Fasted’ and ‘Fed’ classes were all reared at 24 1C.
Only male flies in a fasted state were used in the assessment of acclimated metabolic rate-temperature relationships. Mass presented as mean
experimental mass (7S.E.).
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age on the temperature sensitivity (slope) of metabolic
rate (Table 3).
3.2. Acclimated flies
3.2.1. High- and low-temperature acclimation
Acclimation resulted in a significant increase in
metabolic rate measured at 20, 24, 28 and 32 1C in male
G. m. morsitans from the cold, but not in the warm-
acclimated group relative to the mid-temperature group
(Table 5; Fig. 3). Within each acclimation group,
ordinary least-squares regressions (Type III) of log10
metabolic rate against both temperature and body mass
were highly significant (Table 3). There was no effect of
acclimation treatment on metabolic R–T relationships
(Tables 3 and 5). Metabolic R–T relationships in 29 1C-
acclimated male G. m. morsitans remained the same
as in 24 1C-acclimated flies (Post hoc tests). By con-
trast, metabolic rate was up-regulated in the 19 1C-
acclimated flies at all test temperatures, constituting
an overall increase in metabolism rather than a change
in temperature sensitivity as such (Tables 3 and 5;
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Outcomes of the multiple regression (Type III) analyses testing for the effects of temperature (holding mass constant) on metabolic rate in various
experimental categories of Glossina morsitans morsitans
Effect Gender Category Slope7SE DF F-ratio PWithin Adj. R
2 Critical value PAmong
Feeding Males Fasted 0.0333270.002660 2, 24 114.555 o0.0001 0.897
Fed 0.0307670.002770 2, 21 158.993 o0.0001 0.932
Females Fasted 0.0303570.002734 2, 25 98.724 o0.0001 0.833
Fed 0.0342870.003002 2, 25 68.488 o0.0001 0.833 3.041 40.05
Aging Males (fasted) Young 0.0333270.002660 2, 24 114.555 o0.0001 0.897
Males (fasted) Mature 0.0383470.004077 2, 24 45.101 o0.0001 0.772
Females (fasted, virgin) Young 0.0303570.002734 2, 25 98.724 o0.0001 0.833
Females (fasted, virgin) Mature 0.0317970.005521 2, 25 29.417 o0.0001 0.678 3.041 40.05
Pregnancy Females (fed) Mated 0.0304670.005205 2, 22 25.041 o0.0001 0.640
Females (fed) Virgin 0.0355670.004355 2, 22 34.111 o0.0001 0.734
Females (fasted) Virgin 0.0317970.005521 2, 25 29.417 o0.0001 0.678 2.454 40.05
Acclimation Males (fasted) 19 1C 0.0370470.004930 2, 25 30.314 o0.0001 0.685
Males (fasted) 25 1C 0.0383470.004077 2, 24 45.101 o0.0001 0.772
Males (fasted) 29 1C 0.0340370.003130 2, 25 60.107 o0.0001 0.814 2.454 40.05
Comparisons of slopes within various effect groups performed using GT-2 analyses for multiple pair-wise comparisons of slopes (Sokal and Rohlf,
1995). (DF ¼ degrees of freedom, Adj. R2 ¼ adjusted R) PAmong refers to comparisons between groups, PWithin is significance of rate-temperature
regression within an experimental category.
Table 4
Outcome of a general linear model of the effect of age (7 vs. 17 days old) on metabolic rate (log10 mlCO2.h
1) in fasted male and female Glossina
morsitans morsitans reared at 24 1C.
Effect SS DF MS F-ratio P
Males
Intercept 7.603 1 7.603 1056.74 o0.0001
Covariate: test temperature 1.432 1 1.432 199.00 o0.0001
Covariate: mean experimental mass 0.229 1 0.229 31.82 o0.0001
Age 0.068 1 0.068 9.48 o0.004
Error 0.360 50 0.007
Females
Intercept 7.411 1 7.411 710.74 o0.0001
Covariate: test temperature 1.081 1 1.081 103.69 o0.0001
Covariate: mean experimental mass 0.739 1 0.739 70.82 o0.0001
Age 0.255 1 0.255 24.49 o0.0001
Error 0.542 52 0.010
Table 5
Outcome of a general linear model testing for the effect of ten days of acclimation at three temperature treatments (either 19, 24 or 29 1C) on (A)
metabolic rate (log10 mlCO2 h
1) and (B) homogeneity of slopes of metabolic rate-temperature relationships in Glossina morsitans morsitans (Diptera,
Glossinidae)
Effect SS DF MS F-ratio P
(A)
Intercept 4.699 1 4.699 483.29 o0.0001
Covariate: test temperature 2.228 1 2.228 229.20 o0.0001
Covariate: mean experimental mass 0.029 1 0.029 3.00 0.087
Acclimation 0.240 2 0.240 12.32 o0.0001
Error 0.758 78 0.010
(B)
Intercept 0.187 1 0.187 19.033 o0.0001
Covariate: mean experimental mass 0.002 1 0.002 0.24 0.624
AcclimationTemperature 0.0001 2 0.00004 0.004 0.996
AcclimationTempMass 0.0002 2 0.0001 0.011 0.989
Error 0.698 71 0.010
J.S. Terblanche et al. / Journal of Insect Physiology 51 (2005) 861–870866
ARTICLE IN PRESS































 19 °C Acclimation
 24 °C Acclimation





Fig. 3. The effect of ten days of laboratory acclimation at 19, 24 and
29 1C on mass-independent metabolic rate in male Glossina morsitans
morsitans (Diptera, Glossinidae). Symbols are least-squares adjusted
means (795% confidence limits). Asterisks represent significant
differences (see Table 5 for statistics) at a particular test temperature
between acclimation treatments (Post-hoc unequal sample Highly
Significant Difference).
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between metabolic rate and temperature did not change,
the intercept for this relationship increased substantially
with cold acclimation.4. Discussion
Several previous studies have investigated metabolic
rate in adult Glossina species (Rajagopal and Bursell,
1966; Taylor, 1977b, 1978a; Hargrove and Coates, 1990;
Terblanche et al., 2004). In G. m. morsitans and G.
pallidipes, feeding, pregnancy and maturation elicit
increases in resting metabolic rate (Rajagopal and
Bursell, 1966; Taylor, 1977b; Terblanche et al., 2004).
Fasted teneral male G. m. orientalis (mean individual
mass of approximately 16.6 mg, estimated from Raja-
gopal and Bursell, 1966) have a metabolic rate of
124 mW (at 25 1C and converted following Lighton,
1991). At a similar temperature and using a similar
closed-system respirometer Taylor (1977b) found meta-
bolic rates of about 178 mW in laboratory-reared male
G. m. morsitans of an unspecified mean mass. By
comparison with these studies, our values for G. m.
morsitans are relatively low, and ranged from 75 mW in
young fasted males (mass: 18.1 mg) to 87 mW in mature
fasted males (mass: 20.1 mg; metabolic rate converted to
25 1C using an assumed Q10 ¼ 2:0). However, these
lower metabolic rate values are not unexpected because
it has been shown that many kinds of closed-system
respirometry methods (as opposed to flow-through
methods) tend to overestimate metabolic rate in insects,largely because activity cannot be adequately taken into
account (see discussion in Lighton and Fielden, 1995;
Addo-Bediako et al., 2002). In addition, it has been
shown that developing teneral flies can have elevated
metabolic rate relative to more mature flies, probably
due to increased costs of developing flight muscle and
reproductive organs (Bursell, 1961; Hargrove, 1975;
Taylor, 1977b; Terblanche et al., 2004). Therefore it is
unsurprising that the more mature flies in our study had
a lower metabolic rate at a similar mass and temperature
than the teneral flies in the studies of Rajagopal and
Bursell (1966) and Taylor (1977b).
Although metabolic R–T relationships in G. m.
morsitans have been determined on two previous
occasions (Rajagopal and Bursell, 1966; Taylor,
1977b), no studies have specifically examined the effects
of gender, feeding, reproductive status and age, nor of
acclimation, on metabolic R–T relationships within this
or any other tsetse species. Indeed, as far as we can
ascertain, no studies have previously explored the effects
of temperature acclimation on any physiological traits
among Glossina species. Taylor (1977b) found that in G.
m. morsitans the slope of the R–T relationship was 0.036
(70.002) and 0.042 (70.001) for wild-caught and
laboratory-reared males, respectively. Our estimates
for R–T slopes appear more similar to the wild-caught
than the laboratory-reared flies in Taylor’s (1977b)
study. Indeed, young and mature fasted male flies in our
study did not differ from Taylor’s (1977b) estimates of
wild flies (t-method for post-hoc comparison of slopes,
(Zar, 1999); young vs. wild: t ¼ 0:89; P40:1; mature vs.
wild: t ¼ 0:59; P40:2). Although our estimate for
mature fasted male G. m. morsitans did not differ from
Taylor’s (1977b) wild-caught flies (t ¼ 0:92; P40:2),
young fasted males in our study were, however, different
from the laboratory-reared flies in Taylor’s (1977b)
study (t ¼ 2:891; Po0:05). Regardless, the range of
values for R–T relationships found in our study
(0.03035–0.03834) virtually encompassed the values
found by Taylor (1977b).
Whilst ontogenetic variation in metabolic rate is
reasonably well explored in insects (e.g. Hamilton,
1964; Hack, 1997), age-related variation has not been
well explored (but see Ernsting and Isaaks, 1991). Where
age-related changes in metabolic rate have been
observed, such as in G. m. morsitans and G. pallidipes,
they are usually considered a consequence of develop-
mental changes or changing reproductive performance
(Terblanche et al., 2004; see also Langley and Clutton-
Brock, 1998). In the case of G. m. morsitans, there
appears to be no change in the R–T relationship between
post-developmental adults (7 day old) and more mature
flies (17 day old) reared at 25 1C in both genders,
although this was not explored in very mature age
classes (e.g. 45–60 days old). However, it is not clear
what to expect of the variation in R–T relationships with
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Fleming and Miquel (1983) found different effects of
temperature on metabolic rate in young and old flies
with temperature sensitivity increasing by 1.5 times in
the older flies.
In tsetse, females usually have a higher metabolic rate
than males. However, it is relatively well established
that, at least in G. pallidipes and G. m. morsitans,
metabolic rate does not differ between males and
females once the effects of body size have been taken
into account (Rajagopal and Bursell, 1966; Taylor,
1977b; Terblanche et al., 2004). In insects, sex-related
variation in metabolic rate is not uncommon, usually as
a consequence of activity levels and lifestyle (see e.g.
Morgan, 1987; Kolluru et al., 2004), and it is also known
that metabolic rates in males and females respond
differently to temperature acclimation (discussed in
Hoffmann, 1985; and see Chaabane et al., 1999). Why
this should be the case has not been well established.
However, it is known that key metabolic enzymes such
as LDH (lactate dehydrogenase) and aldolase respond
differently to temperature acclimation in males and
females (Das and Das, 1982a,b) possibly as a conse-
quence of sex-specific isozymes. There might also be
interactive effects of sex-specific hormones with accli-
mation, and sex-related differences in protein synthesis
requirement (a process known to be energetically
expensive (Clarke and Fraser, 2004)) resulting from
sex-related differences in body composition (Hoffmann,
1985). Thus, it would not seem unreasonable to expect
that the sensitivity of metabolic rate to temperature
should differ between the sexes. In our study, however,
male and female R-T sensitivity did not differ, but
clearly more work is required in order to determine the
generality of this outcome for insects.
Feeding can have a dramatic effect on insect meta-
bolic rate (Chown and Nicolson, 2004; Nespolo et al.,
2005), and usually causes an increase in rate largely
owing to the costs of digestion (heat increment of
feeding or specific dynamic action, SDA; Chown and
Nicolson, 2004; Nespolo et al., 2005). However, it is not
directly evident to what degree temperature affects these
costs within or between species. Before comparisons of
SDA can be made at various temperatures, peak SDA
values must be estimated which, in turn, require
frequently logged, continuously recorded data within
resting individuals to correctly observe the post-prandial
peak in respiration rate (Bradley et al., 2003). Although
here feeding has an effect on the metabolic rate of G. m.
morsitans, as has been shown previously for G. pallidipes
(Taylor, 1977b; Terblanche et al., 2004) and G. m.
morsitans (Rajagopal and Bursell, 1966; Taylor, 1977b),
and the effect of temperature on metabolic rate is similar
in fed and unfed individuals, we were not able to
determine specifically if the peak in SDA was different at
various temperatures.In G. m. morsitans, cold-acclimation increases meta-
bolic rate relative to warm-acclimation (29 1C) and the
conditions at which the flies are typically reared (24 1C).
Here, the flies that were acclimated to cold conditions
also achieved larger body mass, possibly as a conse-
quence of increased feeding requirements or lipid
storage. The elevation in metabolic rate at low
temperatures found here is comparable to the findings
of Dehnel and Segal (1956) in which significant up-
regulation of metabolic rate to cool (10 1C) temperatures
occurred within 1–3 weeks in Periplaneta americana
under similar conditions. In insects, evidence for up-
regulation of metabolic rate in response to cold
acclimation (or metabolic cold adaptation, MCA) has
mainly come from beetles (Schultz et al., 1992; Chown et
al., 1997), grasshoppers (Chappell, 1983; Massion, 1983;
Rourke, 2000), flies (Chown, 1997) and cockroaches
(Dehnel and Segal, 1956). However, not all studies
support MCA (e.g. Nylund, 1991; Berrigan and
Partridge, 1997), and both the phenomenon and the
level at which it should be investigated remain con-
troversial (Chown and Gaston, 1999; Chown et al.,
2003; Hodkinson, 2003).
By contrast, there are fewer studies that consider
variation in R–T relationships, either as a consequence
of geography or acclimation (but see e.g. Berrigan, 1997;
Berrigan and Partridge, 1997; Chown, 1997). Addo-
Bediako et al. (2002) undertook one of the few recent
synthetic analyses of R–T variation with latitude. They
found that the R–T relationship steepened towards the
pole in the northern hemisphere, but that this did not
take place in the south. Their analysis included few
tropical species, but comparison of the R–T slopes for
the southern hemisphere flies they included (data drawn
from Chown, 1997) with the present data show that the
slopes of the R–T relationships in flies from Marion and
South Georgia Islands are typically steeper than the
slopes recorded in G. m. morsitans. For example,
Antrops truncipennis, Paractora dreuxi and P. trichos-
terna had slopes ranging from 0.049–0.077, 0.075–0.095
and 0.074–0.085, respectively, which were significantly
steeper than the R-T relationships found in G. m.
morsitans (Post-hoc t-method, Po0:001 in all cases
except when A. truncipennis’ slope ¼ 0.049, then
P40:05). This suggests that there is an increase in the
slope of the R–T relationship towards the south, but it
may well be gentler than the increase towards the north.
This conclusion awaits confirmation using a more
detailed set of data.
In conclusion, the present data indicate that irrespec-
tive of age, gender, feeding status, pregnancy and
acclimation, there is little variation in R-T relationships
in G. m. morsitans. This finding is robust. A post-hoc
power analysis for effect size of d ¼ 1:9597 (calculated
from the maximum slope obtained (fasted mature male)
vs. minimum slope obtained (fasted young female) with
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d ¼ 3:6663, and therefore power ¼ 0.9193. This is a
relatively high power (see Di Stefano, 2003 for discus-
sion), and it therefore seems unlikely that we have
erroneously failed to reject the null hypothesis (i.e. made
a Type II error). This finding is important for two
reasons. First, it constitutes an explicit and extensive
exploration of the effects of age, feeding status,
pregnancy, gender and acclimation on R–T relationships
in insects, demonstrating that these factors do not
influence R–T relationships within a given population,
at least in this species. Whilst the direct effects of these
factors on metabolic rate are well known (see Chown
and Nicolson, 2004), their effects on R–T relationships
have not been widely explored. Second, this finding
confirms that tsetse population dynamic models, which
typically make simplifying assumptions regarding varia-
tion in temperature effects on performance among
physiological stages can use a single parameter for these
effects, although age, feeding status, mass and acclima-
tion history still need to be taken into account in terms
of their absolute effects on metabolic rate. How general
these findings are in both contexts remains to be
explored in future work.Acknowledgments
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